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Temperature-dependent stress response in oysters, Crassostrea virginica:
Pollution reduces temperature tolerance in oysters
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bstract
Combined effects of temperature and a toxic metal, cadmium (Cd), on energy metabolism were studied in a model marine bivalve, the eastern
yster Crassostrea virginica, acclimated at 20, 24 and 28 ◦C and exposed to 50g l−1 of Cd. Both increasing temperature and Cd exposure
ed to a rise in standard metabolic rates, and combined stressors appeared to override the capability for aerobic energy production resulting
n impaired stress tolerance. Oysters exposed to elevated temperature but not Cd showed no significant change in condition, survival rate and
ipid peroxidation, whereas those exposed to both Cd and temperature stress suffered high mortality accompanied by low condition index and
levated lipid peroxidation. Furthermore, RNA/DNA ratios indicative of protein synthesis rate, and levels of glutathione, which is involved in
etal detoxification, increased in Cd-exposed oysters at 20 ◦C but not at 28 ◦C. Implications of the synergism between elevated temperatures and
admium stress on energy metabolism of oysters are discussed in the light of the potential effects of climate change on oyster populations in
olluted areas.
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. Introduction
Marine ectotherms inhabiting coastal shallow waters and
stuaries such as oysters are exposed to a wide range of envi-
onmental stressors including anthropogenic (such as water and
ediment pollution) and natural ones (such as daily and seasonal
uctuations in temperature, oxygen or CO2 levels). Tempera-
ure plays a key role among these environmental factors due
o its direct impact on all physiological processes. Most estu-
rine ectotherms are eurythermal organisms and can survive a
road range of body temperatures. However, at the tempera-
ure extremes on both sides of their thermal optimum (so-called
ejus temperatures), estuarine ectotherms will exhibit a pro-
ressive decrease in whole-organism aerobic scope due to a
ismatch between oxygen supply and demand (see Po¨rtner,
001, 2002). Beyond the thermal pejus range, at so-called crit-
cal temperatures, the aerobic scope of an organism disappears
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nd transition to anaerobic metabolism occurs due to insufficient
xygen supply via ventilation and/or circulation (Po¨rtner et al.,
998; Frederich and Po¨rtner, 2000; Sartoris et al., 2003; Lannig
t al., 2004). Reduced aerobic scope may negatively affect an
rganism’s fitness due to physiological tradeoffs, which can
ivert energy from essential processes such as growth, repro-
uction or locomotion towards maintenance (Sibly and Calow,
986; Po¨rtner et al., 2001). Adjustment of the components of
nergy balance by acclimation may partially counteract these
ffects and allow an organism to maintain positive scope for
rowth, activity and reproduction; however, if thermal acclima-
ion is incomplete or impossible, stress and reduced fitness can
nsue.
In estuarine ectotherms, environmental stressors such as pol-
utants may negatively affect energy balance either due to an
ncrease in energy expenditure and/or the reduction of metabolic
nergy capacity thereby reducing aerobic scope. In light of the
oncept of oxygen-limited thermal tolerance (Po¨rtner, 2001),
uch a reduction of aerobic scope would result in decreased
hermal tolerance by the organism. By the same token, reduced
erobic scope at elevated temperatures may decrease tolerance
or toxins due to limitations in energy supply for detoxifica-
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ellular damage. This creates a physiological basis for syner-
ism between the effects of elevated temperature and pollution
tresses, which may have important consequences for inhabi-
ants of anthropogenically polluted estuarine and coastal waters.
Accumulation of pollutants such as trace metals is a global
henomenon, and high metal levels have been reported in
any estuarine and coastal areas (http://www.oceansatlas.com/
natlas/-ATLAS-/chapter12; GESAMP, 1987). Cadmium (Cd)
s among the most common metal pollutants in estuaries. It has
o known biological function in animals and can interfere with
arious physiological processes in organisms from invertebrates
o mammals (Shore and Douben, 1994; Ramachandran et al.,
997; Rome´o et al., 2000). In particular, energy metabolism,
embrane transport and protein synthesis are affected, and Cd
ay also act on DNA directly or indirectly by interference with
enetic control and repair mechanisms (Hassoun and Stohs,
996; Prusky and Dixon, 2002; Sokolova, 2004). In marine
ivalves, Cd causes oxidative cellular damage by interfering
ith the antioxidant defense systems (Viarengo et al., 1990;
e´ret et al., 2002a), inducing lipid peroxidation (Ge´ret et al.,
002b; Company et al., 2006) and ultimately causing apoptosis
Sokolova et al., 2004). It has also been shown that exposure
o Cd may increase cellular oxygen demand in bivalves indicat-
ng elevated maintenance costs, mostly due to the elevated cost
f the proteins synthesis (Cherkasov et al., 2006). In contrast,
itochondrial capacity for ATP synthesis does not increase in
arallel to compensate for the elevated cellular energy demand
nd may in fact be inhibited at higher Cd levels (Sokolova, 2004;
okolova et al., 2005; Cherkasov et al., 2006, in press). Taken
ogether, these data clearly indicate that trace metal pollution
ay have detrimental effects on various aspects of metabolism
n aquatic organisms and thus can conceivably result in an
nergy-deficient condition (Sokolova, 2004; Barata et al., 2005;
ampbell et al., 2005; Cherkasov et al., 2006, in press).
Elevated temperatures due to seasonal changes and/or long-
erm trends of global climate change may pose additional threats
o survival of estuarine ectotherms (review in Walther et al.,
002) both through lethal effects of extreme temperatures and
ost importantly, due to sublethal chronic effects on energy
etabolism and susceptibility to other stressors such as pollu-
ion. Therefore, combination of exposure to trace metals and
levated temperatures is an environmentally relevant scenario
n many estuaries, which is expected to become more wide-
pread in the future with the global warming. Currently, there
re few studies, which address interactive effects of toxic met-
ls and elevated temperatures in aquatic ectotherms (Denton
nd Burdon-Jones, 1981; Sokolova, 2004; Hallare et al., 2005;
unca et al., 2005; Cherkasov et al., 2006). In this study, we
nvestigate how an environmentally relevant stressor such as
eavy metal pollution affects aerobic metabolism and interferes
ith temperature-dependent performance in a model marine
ollusk, the eastern oyster, Crassostrea virginica. The objec-
ives of this study were to find out: (1) which physiological
arameters are responsible for the synergistic effect between
levated temperature and Cd stress on energy metabolism such
s earlier reported in C. virginica (Sokolova, 2004) and (2) if
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ate change may pose a more significant threat to ectothermic
rganisms inhabiting polluted rather than pristine areas. To this
nd, we determined standard metabolism as an indicator for the
etabolic cost of maintaining physiological integrity, as well as
eneral condition and survival rate of the experimental animals
xposed to temperature, Cd or combination of both. Further-
ore, temperature- and Cd-induced changes in cellular indices
f metabolic activity and oxidative stress were determined by
easuring glutathione content (GSH), which is an important
odulator of cellular redox homeostasis, malondialdehyde lev-
ls (MDA) as an indicator for lipid peroxidation due to oxidative
tress and RNA/DNA ratios, which reflect the transcriptional
ctivity and rates of protein synthesis.
. Materials and methods
.1. Experimental set-up
Wild-cultured oysters (C. virginica, 2–3 years old,
03 ± 16 mm shell length) were collected from Stump Sound,
C (USA) in Fall 2004–Winter 2005. Water temperature at the
imes of collection varied between 10 and 20 ◦C; average salinity
as 30 ppt. Study sites have very low background concentra-
ions of pollutants (Mallin et al., 1999; Swartzenberg, personal
ommunication). Oysters were transported to the University of
orth Carolina at Charlotte within 8 h of collection and placed
n recirculating aerated tanks with artificial seawater (Instant
cean®, Kent Marine, Acworth, USA) at 18 ± 2 ◦C and 30 ppt
alinity. After 5 days, several replicate tanks were randomly
esignated as 20, 24 and 28 ◦C treatments, and the temper-
ture in those tanks was changed at 2 ◦C day−1 to reach the
arget temperatures. Temperature in the tanks was maintained
ithin 0.5 ◦C of the respective target temperature. Following
re-acclimation (at least 10 days), during which no mortali-
ies occurred, 50g l−1 Cd (as CdCl2) was added to half of
he replicate tanks at each temperature (Cd-exposed oysters),
hile the other half was maintained in clean seawater (con-
rols). Oysters were fed three times per week with commercial
lgal blend (PhytoPlex®, Kent Marine, Acworth, GA). Water
as changed every other day. In order to avoid Cd depletion in
d-exposed tanks, a static-renewal design was used, with Cd
upplementation to the nominal concentration of 50g l−1 dur-
ng each water change. Each water tank contained 25–30 oysters,
nd water volume was approximately 4–5 l per oyster. Cd lev-
ls were measured in water samples at least three times a week
mmediately before and 1 h after water changes. There was no
ifference in Cd levels before and after water change indicating
hat the maintenance conditions were adequate to prevent Cd
epletion. The average Cd concentration in experimental tanks
as 41.1 ± 5.6g l−1 (mean + S.D., n = 54), and Cd levels in
he control tanks were below the detection limits of the method
sed (0.5g l−1). Measurement of whole-organism oxygen con-
umption and tissue sampling for nucleic acid and metabolite
nalysis were conducted at intervals during the 40 days (20 days
or 28 ◦C) of experimental exposures. Due to the high mortality
ates in Cd-exposed oysters at 28 ◦C, the longest experimental
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.2. Whole-organism oxygen consumption and condition
ndex
Standard metabolic rate (SMR) was measured as resting oxy-
en consumption (MO2) in control and Cd-exposed oysters
fter 20 and 40 days of exposure at their respective acclimation
emperature using microfiber optic oxygen probes (Tx-Type,
reSens GmbH, Germany, http://www.presens.de). Two-point
alibration was performed at each temperature. Oyster shells
ere carefully scrubbed and cleaned of fouling organisms. Oys-
ers were placed into flow-through respiration chambers and
llowed to recover over night. To avoid interference with post-
randial metabolism and feces excretion, animals were kept
nfed for 24 h prior to the start of MO2 recordings. Water flow
30–74 ml min−1) was adjusted so that animals consumed less
han 25% of O2 at all times to avoid potential inhibitory effects
f low oxygen levels on respiration rate. After measurements,
ysters were dissected and tissue dry mass determined. SMR
as calculated as follows:
MR =
(




here SMR is the normalized oxygen consumption
mol O2 g−1 dry mass h−1), PO2 the difference in par-
ial pressure between in- and out-flowing water (kPa), βO2 the
xygen capacity of water (mol O2 l−1 kPa−1), Vfl the flow rate
l h−1), M the oyster dry tissue mass (g) and 0.8 is the allometric
oefficient for Crassostrea gigas (Bougrier et al., 1995). Due
o the limited size range of oysters used in the present study,
he allometric coefficient for scaling of MO2 on body mass
ould not be determined. However, this relationship is highly
onserved in marine bivalves (von Bertalanffy, 1957; Bayne
nd Newell, 1983). Therefore, we have used the allometric
oefficient from a closely related oyster species C. gigas to
orrect for potential size effects on metabolism in C. virginica.
In order to compare differences in activity levels between
ifferent exposure groups, respiratory time activity (RTA) was
etermined as the percentage of time spent active by the oyster
open valves for re-oxygenation of the fluids within the shell)
elative to the total experimental time as described in detail by
ougrier et al. (1998).
A general condition index (CI) of the experimental oysters
as calculated as follows (see Lucas and Beninger, 1985; Cruz-
odrı´guez et al., 2000):
I =
(
tissue dry mass (g)
shell dry mass (g)
)
× 100.
For oysters used in MO2 determinations, both wet and dry tis-
ue mass was determined to the nearest 0.1 mg, and the wet/dry
ass ratios calculated for different experimental conditions. For
etermination of the dry tissue mass, samples were dried for
6–48 h at 70 ◦C until the tissue mass stabilized, cooled in a
esiccator and weighed. Oysters whose tissue was used for deter-
ination of RNA/DNA ratio and tissue metabolite levels could
ot be dried; therefore, dry tissue mass of those samples was
alculated from the wet tissue mass using wet/dry tissue ratios
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.3. Cadmium determination
Cd concentrations were determined in water samples and tis-
ue digests with an atomic absorption spectrometer (AAnalyst
00; Perkin-Elmer) that was equipped with a graphite furnace
nd Zeeman background correction as described in Cherkasov
t al. (2006, in press). The detection limit of this method was
.5g l−1water sample and 5 ng g−1dry mass tissue.
.4. Tissue metabolite levels
Gill tissues were quickly removed, immediately shock-frozen
n liquid nitrogen and stored in liquid nitrogen until further
nvestigation. In oysters, gills are a primary site of uptake of
race metals characterized by early accumulation of Cd in mito-
hondrial fractions (Sokolova et al., 2005), making this tissue
ppropriate for a study of physiological and metabolic effects of
d.
RNA/DNA ratio was determined as described in Caldarone
t al. (2001). Briefly, tissue powdered under liquid nitrogen was
omogenized in at 55 ◦C for 2–24 h in 7.5 volumes of STE
sodium-tris-EDTA) buffer containing 100 mM NaCl, 10 mM
ris–HCl and 1 mM EDTA, pH 7.7 at 20 ◦C with 1% sodium
odecyl sulfate and 5 mg/ml proteinase K. Following this, the
omogenate was incubated for 20 min at 75 ◦C to halt pro-
einase K activity and centrifuged at 10,000 rpm for 5 min
t room temperature. The supernatant was removed for anal-
sis. Nucleic acids were estimated spectrophotometrically at
25/600 nm (excitation/emission) with ethidium bromide as the
uorophore. RNA and DNA values were determined by calcu-
ating the loss of fluorescence following treatment with RNAse
nd DNAse, respectively.
Tissue levels of malondialdehyde (MDA), a by-product of
ipid peroxidation, were determined using a thiobarbituric acid
ssay (Uchiyama and Mihara, 1978; Ringwood et al., 1999).
riefly, gill tissue powdered under liquid nitrogen was homoge-
ized in four volumes of 50 mM potassium phosphate buffer (pH
.0 at 20 ◦C), sonicated for 3–5 s (output 7, Sonic Dismembra-
or Model 100, Fisher Scientific, Suwanee, GA) and centrifuged
or 5 min at 13,000 × g and 4 ◦C. Sample supernatants as well
s blanks and MDA standards of known concentrations were
ixed with 0.375% thiobarbituric acid (TBA) and 2% buty-
ated hydroxytoluene (BHT) in the following ratio: 1:14:0.14,
eated for 15 min at 100 ◦C and again centrifuged (13,000 × g,
min, room temperature). The formation of a pink chromagen
y reaction between MDA and TBA was measured spectropho-
ometrically at 532 nm. Tissue levels of MDA were expressed in
mol g−1 wet mass.
Glutathione (GSH) concentration was determined enzy-
atically by the 5,5′-dithiobis(2-nitrobenzoic acid) (DTNB)–
luthatione disulfide (GSSG) reductase recycling procedure fol-
owing the rate of formation of 5-thio-2-nitrobenzoic acid (TNB)
t 412 nm (Griffith, 1980; Anderson, 1985). Gill tissue ground
nder liquid nitrogen was homogenized in 10 volumes of 5%
ulfosalicylic acid (SSA), sonicated for 5 s (output 7, Sonic Dis-
embrator Model 100, Fisher Scientific, Suwanee, GA), and
entrifuged (13,000 × g, 5 min, 4 ◦C). Supernatant was filtered
















































Fig. 1. Survival rate (A) and general condition (B) of oysters dependent on Cd
exposure and acclimation temperature (( ) 20 ◦C, () 24 ◦C and () 28 ◦C). In
(A) controls are represented by closed symbols and Cd-exposed groups by open
ones (controls: () 20 ◦C, () 24 ◦C and () 28 ◦C; Cd-exposed: () 20 ◦C,
() 24 ◦C and (©) 28 ◦C; n = 24–50). In (B) values in control animals did not
significantly change over time and thus were pooled and shown as 0 days of






mation temperature had no effect on Cd accumulation resulting
in similar values in 20- and 28 ◦C-acclimated oysters after 20
days of Cd exposure (P = 0.4879; Fig. 2).G. Lannig et al. / Aquatic
hrough glass wool prior to measurements of total GSH. Subsam-
les were taken to measure the amount of oxidized GSH (GSSG)
y blocking reduced GSH (redGSH) with 2-vinylpyridine and
djusting pH with triethanolamine (6 < final pH < 7). These steps
ere processed rapidly to maintain redGSH/GSSG ratio. After
0 min of incubation at room temperature, GSSG levels were
easured. Results are expressed as redGSH/GSSG ratios and
otal GSH content in mol g−1 wet mass.
.5. Chemicals
All chemicals were purchased from Sigma–Aldrich (St.
ouis, MO, USA) or Fisher Scientific (Suwanee GA, USA) and
ere of analytical grade or higher. Enzymes were purchased
rom Sigma–Aldrich.
.6. Data analysis
Effects of temperature and Cd exposure on the studied vari-
bles were tested using generalized linear models analysis of
ariance (ANOVA, SigmaStat or InStat, SAS) after testing the
ssumptions of normality of data distribution and homogeneity
f variances. Post hoc procedures (Tukey’s honest significant
ifference, Dunnett’s tests and t-test or Dunn’s multiple com-
arisons test if nonparametric method was required) were used
o compare sample means as appropriate. Factor effects and dif-
erences between the means were considered significant if the
robability of Type II error was less than 0.05. Values are given
s means (±standard error). Since data of the measured param-
ters did not change significantly over time in control animals
alues were pooled and presented as one value in the figures
nless indicated otherwise.
. Results
Increasing acclimation temperature had a moderate impact
n survival rates of oysters (Fig. 1A). After 30 days, control
ysters showed no mortality at 20 ◦C and only 4% and 25%
ortality at 24 and 28 ◦C, respectively. When oysters were addi-
ionally challenged by Cd, only 54% of oysters survived to 20
ays of exposure at 28 ◦C (Fig. 1A); therefore, we terminated
his treatment and killed animals to take tissue samples. In con-
rast, oysters exposed to Cd at 20 and 24 ◦C had a 96% and 92%
urvival rate, respectively, after 40 days of Cd exposure.
Impact of Cd exposure on oyster general condition index
nd metabolism was strongly related to acclimation tempera-
ure. General condition index (CI) of oysters was in the range of
alues reported elsewhere (Chu and La Peyre, 1993), and was
ot affected by acclimation temperature alone (P = 0.2584 for
ontrols at different temperatures) or by Cd exposure at 20 and
4 ◦C (P > 0.05 for control versus Cd-exposed oysters). How-
ver, condition index decreased significantly (by 31% after 20
ays) in Cd-exposed oysters acclimated to high temperature
8 ◦C (P = 0.0214; Fig. 1B). Moreover, CI of Cd-exposed oys-
ers at 28 ◦C was significantly lower than in their Cd-exposed
ounterparts at 20 or 24 ◦C (10 days of Cd exposure, P = 0.0092;





nignificantly different from respective controls; (#) values significantly different
o values from the other acclimation groups when compared at the same Cd
xposure time. For better viewing () was shifted to the right.
Cadmium concentrations in control oysters were close to the
AS detection limit while in Cd-exposed oysters there was a
ime-dependent Cd accumulation in gill tissue (Fig. 2). Accli-ig. 2. Levels of Cd accumulation in gill tissue of oysters dependent on accli-
ation temperature (() 20 ◦C (n = 3–14) and () 28 ◦C (n = 5–12)). Values in
ontrol animals did not significantly change over time and thus were pooled and
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Warming from 20 to 28 ◦C resulted in a doubling of
tandard metabolic rate (SMR). SMR at 28 ◦C was 68.3 ±
0.5mol O2 h−1 g−1 dry mass compared to 40.6 ± 2.7 at 24 ◦C
nd 30.0 ± 6.3 at 20 ◦C (P < 0.001, Fig. 3A control animals).
fter 20 and 40 days of exposure to 50g l−1 Cd, SMR of Cd-
xposed oysters strongly increased at 20 and 24 ◦C compared to
he respective controls (Fig. 3A). Interestingly, the extent of Cd-
timulated increase in SMR was higher at 20 ◦C than at 24 ◦C
53–86% at 20 ◦C compared to 40% increase at 24 ◦C after 20–40
ays of Cd exposure), so that the resulting SMR was similar in
d-exposed oysters at 20 and 24 ◦C (P > 0.05). In contrast, Cd
xposure resulted in no further increase in SMR at 28 ◦C after 20
ays of exposure (P = 0.8226). No data are available for oysters
xposed to Cd for 40 days at 28 ◦C due to high mortality.
Respiratory time activity (RTA, Fig. 3B) was similar in con-
rol groups irrespective of acclimation temperature (P = 0.56).
n contrast, Cd-exposed oysters spent significantly more time
pen and actively ventilating at 28 ◦C than at 20 and 24 ◦C
fter 20 days Cd exposure (P < 0.01). When compared to the
espective control groups Cd-exposed oysters showed elevated
TA at 28 ◦C (P = 0.0054) whereas at 20 and 24 ◦C no Cd-
nduced change in RTA was observed (20 ◦C, P = 0.5662; 24 ◦C,
= 0.3312).
ig. 3. Standard metabolism (A) and respiratory time activity (B) of oysters
ependent on Cd exposure and acclimation temperature (() 20 ◦C (n = 4), ()
4 ◦C (n = 4–8) and () 28 ◦C (n = 5–7)). Values in control animals did not
ignificantly change over time and thus were pooled and shown as 0 days of
xposure. (*) Values significantly different from respective controls; (#) cases
hen values for 28 ◦C-acclimated oysters were significantly different from 20 to
4 ◦C-acclimated groups at the same exposure time except at 20 days cadmium
xposure where 28 ◦C SMR was significantly different from 20 ◦C but not 24 ◦C
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At the cellular level, lipid peroxidation in the gills of oys-
ers was unaffected by acclimation temperature, as indicated
y similar malondialdehyde (MDA) levels in control groups
t different temperatures (P = 0.7839, Fig. 4). Cd exposure did
ot alter lipid peroxidation at 20 ◦C (MDA levels: 0.49 ± 0.08
ersus 0.46 ± 0.08mol g−1 wet mass after 30 days of Cd
xposure; P = 0.6548), whereas the combination of elevated
emperatures and Cd exposure was found to increase lipid per-
xidation (Fig. 4). At 24 and 28 ◦C, MDA levels were notably
igher in Cd-exposed oysters compared to respective controls
lready after 20 days Cd exposure (24 ◦C, 0.80 ± 0.11 versus
.51 ± 0.04mol g−1 wet mass, P = 0.0019; 28 ◦C, 0.75 ± 0.08
ersus 0.55 ± 0.05mol g−1 wet mass, P = 0.0405). Further-
ore, MDA levels of Cd-exposed oysters tended to be higher
t elevated temperatures (24 and 28 ◦C) when compared
o their 20 ◦C-acclimated counterparts at the same exposure
imes.
The ratios of reduced GSH to GSSG (redGSH/GSSG) which
ndicate cellular redox status, were lower in warm-acclimated
ontrol oysters (28 ◦C) as compared to their 20- or 24 ◦C-
cclimated counterparts (Fig. 5A), although these differences
ere only statistically significant between 24- and 28 ◦C-
cclimated groups (P = 0.0187) but not between 20- and 28 ◦C-
ccimated ones (P > 0.05). Cd exposure did not significantly
ffect redGSH/GSSG ratios of oysters acclimated to 20 and
4 ◦C (P = 0.1070 and 0.2369, respectively). At 28 ◦C we found a
ransient increase in redGSH/GSSG ratio in Cd-exposed after 10
ays of Cd exposure (P = 0.003) which after 20 days decreased
ack to the control levels (P > 0.05).
Total glutathione content (GSHtotal) was significantly lower
n control oysters at 24 ◦C compared to 20 or 28 ◦C
0.66 ± 0.03 = 1.29 ± 0.08 and 1.11 ± 0.05mol g−1 wet mass,
espectively, P < 0.001; Fig. 5B). This difference between 20-
nd 24 ◦C-acclimated animals was maintained throughout the
d exposure period (P < 0.01). GSHtotal increased during Cd
xposure at 20 and 24 ◦C and was 34–63% above the respective
ontrols after 30 days of Cd exposure (P = 0.0263 andP < 0.0001
ig. 4. Lipid peroxidation measured as malondialdehyde levels in gill tissue
f oysters dependent on Cd exposure and acclimation temperature (() 20 ◦C
n = 5–10), () 24 ◦C (n = 6–12) and () 28 ◦C (n = 5–9)). Values in control
nimals did not significantly change over time and thus were pooled and shown
s 0 days of exposure. (*) Values significantly different from respective controls;
#) values significantly different to values from the other acclimation groups
hen compared at the same Cd exposure time. For better viewing () was
hifted to the right.
G. Lannig et al. / Aquatic Toxic
Fig. 5. Ratio of reduced GSH/GSSG (A) and total glutathione content (B) in gill
tissue of oysters dependent on Cd exposure and acclimation temperature (()
20 ◦C (n = 4–14), () 24 ◦C (n = 6–17) and () 28 ◦C (n = 5–11)). Values in
control animals did not significantly change over time and thus were pooled and




























































controls. Significant differences between values at 20 and 24 ◦C is marked by (#)
nd those between values at 24 and 28 ◦C by (+) for the respective Cd exposure
imes. For better viewing () was shifted to the right.
or 20 and 24 ◦C, respectively). In contrast, no increase in
SHtotal was found at 28 ◦C (P > 0.05).
Gill tissue RNA/DNA ratio, which serves as an index of
nstantaneous transcriptional activity, did not change over time
uring the 30 days of exposure in control or Cd-exposed oys-
ers at either temperature (P > 0.05). Therefore, the respective
alues were pooled within control and Cd-exposed groups at
ach acclimation temperature to increase the power of analysis.
n control oysters, RNA/DNA ratios were significantly lower at
0 ◦C than at 24 and 28 ◦C (P < 0.02 andP < 0.0001, respectively,
able 1). The RNA/DNA ratios at 28 ◦C were only marginally
igher than at 24 ◦C (P = 0.07). Cd-induced changes in transcrip-






NA/DNA ratios in gills of control and Cd-exposed oysters, C. virginica acclimated
roup Acclimation
20 ◦C 24 ◦C
ontrol 8 ± 1 (n = 4) 22 ± 3 (n = 6)
d treated 62 ± 8 (n = 15) 23 ± 2 (n = 4)
d effect Cd > control Cd = control
ll (>/<) designations are significant at P < 0.05; all (=) designations are not signifi
hange over time and thus were pooled within the respective treatments. Values are mology 79 (2006) 278–287 283
ture. At 20 ◦C, a strong and significant increase in RNA/DNA
atio was found in Cd-exposed compared to control animals
P < 0.0001) whereas oysters acclimated to higher temperatures
24 and 28 ◦C) showed no Cd-induced rise in RNA/DNA ratios
24 ◦C, P = 0.86; 28 ◦C, P = 0.43). As a result, RNA/DNA ratios
n Cd-exposed oysters were considerably higher at 20 ◦C than
t 24 and 28 ◦C (P = 0.02). At 24 and 28 ◦C, the RNA/DNA
atios of the Cd-exposed oysters were not significantly different
o each other (P = 0.35).
. Discussion
Increasing acclimation temperature resulted in elevated SMR
n control oysters indicating no metabolic compensation dur-
ng warm-acclimation in these animals. The temperature quo-
ient Q10 determined in the range of acclimation temperatures
etween 20 and 28 ◦C was 2.85 which is similar to the values
Q10 ≈ 3) determined during acute temperature rise in oysters
Newell et al., 1977; Buxton et al., 1981). Q10 values were lower
etween 20- and 24 ◦C-acclimated groups of oysters (2.19) then
etween 24- and 28 ◦C-acclimated groups (3.59) indicating that
arming to 28 ◦C may be metabolically more stressful than the
oderate temperature increase to 24 ◦C.
Our study revealed a significant impact of Cd on oyster
etabolic rate, which is in agreement with earlier studies show-
ng elevated SMR in response to pollutant exposure (review
n Calow, 1991; Roesijadi, 1996). It is worth noting that our
xposure regime resulted in tissue Cd burdens similar to those
ound in oysters from polluted estuaries (Cherkasov et al., 2006;
his study) indicating that the observed Cd-induced impact on
etabolic rate occurs in response environmentally relevant Cd
urdens. Notably, the extent of the impact of Cd on SMR was
learly temperature-dependent: the Cd-induced increase in SMR
as highest at 20 ◦C, intermediate at 24 ◦C and absent at 28 ◦C.
his temperature-dependent pattern closely follows Cd-induced
hanges in cellular oxygen demand at different temperatures
Cherkasov et al., 2006) and suggests that Cd-induced increase in
hole-organism energy demand is to a large extent driven by the
levated cost of cellular maintenance. The observed differences
n metabolic response to Cd cannot be attributed to differential
issue Cd accumulation but likely results from temperature–Cd
nteractions. Indeed, this study and earlier studies from our lab
Cherkasov et al., 2006, in press) revealed similar levels of





41 ± 5 (n = 14) 20 < [24 = 28]
41 ± 7 (n = 20) 20 > [24 = 28]
Cd = control
cant. Ratios in control as well as in Cd-exposed animals did not significantly
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Interestingly, exposure to Cd led to a decreased temperature
ensitivity of SMR, at least after 20 days of exposure (later dates
ould not be tested due to the mortality of Cd-exposed oysters
t 28 ◦C). The temperature quotient Q10 (20–28 ◦C) was 1.55 in
d-exposed oysters, much lower than in control oysters (2.85).
his was mainly due to the strong reduction in Q10 between 24
nd 28 ◦C down to 1.32 in Cd-exposed oysters, compared to 3.59
n controls. The different Q10 values between control and Cd-
xposed oysters may be partly explained by a Cd-induced loss
f temperature dependence of mitochondrial capacities. Indeed,
espiration rates of mitochondria were strongly temperature-
ependent with a Q10 of ≈2 under control conditions, whereas
ddition of 25–50mol l−1 of Cd resulted a decrease of Q10
alues down to ≈1 indicating complete loss of thermal sensi-
ivity of mitochondrial function (temperature range 15–25 ◦C,
okolova, 2004).
The above-discussed notion that Cd exposure results in ele-
ated energy (and thus oxygen) demand especially at elevated
emperatures, is further supported by the fact that oysters spent
ignificantly more time open when exposed to combination of
igh temperature and Cd indicating increased proportion of time
pent actively ventilating. Interestingly, it is known that oysters
an isolate themselves from unfavorable environmental con-
itions (especially poor water quality) by closing their valves
hereby surviving on anaerobic metabolism for prolonged peri-
ds of time (Dunnington, 1986). Our data show that at elevated
emperatures the necessity to cover high metabolic demand by
nhanced oxygen uptake may take precedence over this protec-
ive mechanism.
The inability of Cd-exposed oysters to further increase SMR
t 28 ◦C despite enhanced ventilation suggests that the capacity
f oxygen supply mechanisms may be overridden by combina-
ion of elevated temperatures and Cd exposure. This assump-
ion is supported by our observation that hemolymph oxygen
ensions significantly decreased in Cd-exposed compared to
ontrol animals during an acute temperature increase (4 ◦C
er 36 h, G.L., unpublished data), which points to a mismatch
etween oxygen demand and supply in these oysters. In aquatic
nvertebrates including bivalves (Po¨rtner et al., 2006) and crus-
aceans (Frederich and Po¨rtner, 2000), impaired oxygen sup-
ly at elevated temperatures has been shown to result from
he temperature-dependent failure in ventilatory and circula-
ory capacities. In contrast, during acute warming in teleost
sh, oxygen supply is mostly limited by the circulatory sys-
em capacity (Lannig et al., 2004). It is not known which
echanism(s) may limit oxygen delivery in oysters at high
emperatures and/or under conditions of Cd exposure. One
f the possibilities may be the direct impairment of mito-
hondrial function in oyster gills by elevated temperatures
nd temperature/Cd combination (Sokolova, 2004; Sokolova
t al., 2005; Cherkasov et al., in press and references therein)
esulting in a reduced capacity for oxygen uptake. Other fac-
ors (such as insufficient circulation and/or cardiac failure)ay also contribute to oxygen limitation and require fur-
her investigation. However, irrespective of the mechanisms,
he mismatch between the energy demand and energy sup-
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ated temperatures resulting in synergism between these two
tressors.
As a result of the mismatch between elevated energy demand
nd limited energy supply during exposures to elevated tempera-
ures and Cd, energy-dependent cellular protective mechanisms
nvolved in detoxification and damage repair are more likely
o fail leading to elevated mortality and whole-organism phys-
ological stress. Indeed, our data clearly show the degree of
d-induced physiological stress is strongly increased by ele-
ated temperature. At 20 and 24 ◦C no significant changes in
eneral condition index and survival rate were observed in Cd-
xposed animals implying that oysters were able to compensate
or the increased energy demand to combat toxic stress. This is
lso indicated by significantly increased SMR and apparently
ositive net energy balance. Put in the perspective of the con-
ept of oxygen-limited thermal tolerance (Po¨rtner, 2001), these
ata suggest that in the temperature range between 20 and 24 ◦C
ysters are still in the optimal range of aerobic scope, which
nsures efficient stress response and adequate physiological con-
ition and survival performance. In contrast, 28 ◦C may be close
he suboptimal (pejus) temperatures for this species. This is sup-
orted by the fact thatC. virginica does not deposit shell material
t water temperatures above 28 ◦C (Surge et al., 2001) suggest-
ng no “scope for growth” (Warren and Davis, 1967), and by our
ata showing that oysters are not capable to sufficiently with-
tand sublethal Cd stress at this temperature. The absence of an
ncrease in SMR in response to Cd (this study) and decreased
itochondrial aerobic capacity (Cherkasov et al., 2006, in press)
n 28 ◦C-acclimated oysters also points towards the reduced aer-
bic scope. Overall, this study clearly suggests that a stressor that
ffects metabolic energy balance (such as Cd) becomes critical
nce an organism is in its thermal pejus range where the aerobic
cope is limited. Given the importance of metabolic balance in
etermining thermal tolerance limits in aquatic ectotherms, we
uggest that this finding may have broader implications and will
old true not only for Cd, but also for other pollutants and envi-
onmental stressors which require elevated energy demand for
tress protection. This hypothesis, however, is outside the scope
f the present work and requires further investigation.
Elevated SMR (and thus maintenance cost) in animals
xposed to heavy metals such as Cd, may reflect increased costs
f detoxification and cellular protection and repair. In particu-
ar, protein synthesis is known to increase during temperature or
ollution stress due to induction of molecular chaperones such
s heat-shock proteins and metal chelators including metalloth-
oneins (Anderson et al., 1999; Viarengo et al., 1999; Butler
nd Roesijadi, 2000; Cruz-Rodrı´guez et al., 2000; Ettajani et
l., 2001; Ahearn et al., 2004; Boutet et al., 2004). Addition-
lly, protection against cell damage caused by metal-induced
xidative stress can involve a compensatory elevation of the
ntioxidative enzymes (Regoli et al., 1998; Livingstone, 2001;
asha and Rani, 2003). This increase in protein synthesis is
xpected to reflect in elevated transcriptional activity and thus,
igher RNA/DNA ratios. As shown by Cherkasov et al. (2006)
ignificant Cd-induced increases in gill protein synthesis rates
ere found in 12 and 20 ◦C but not in 28 ◦C-acclimated oys-
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ontributor to the observed increase in cellular oxygen con-
umption due to Cd exposure. This finding agrees with a strong
ncrease in RNA/DNA ratios indicating elevated transcriptional
ctivity in Cd-exposed oysters at 20 ◦C found in this study. In
ontrast, Cd exposure did not result in a significant increase
n RNA/DNA ratios at 24 and 28 ◦C suggesting that warm-
cclimated oysters may be less capable of mounting an adequate
ranscriptional response to support detoxification needs. Cor-
espondingly, Hallare et al. (2005) found an increase in stress
rotein (hsp70) expression in fish larvae acclimated to interme-
iate (26 ◦C) but not high temperature (33 ◦C) in response to Cd
xposure concluding that the production of heat shock proteins
HSPs) could have reached its maximum and that both stressors
temperature and Cd) have overridden the capability of cells to
enerate more HSPs. Further studies are needed to determine
hether Cd-induced transcriptional activation of other stress
roteins (such as metallothioneins or antioxidant enzymes) is
lso impaired at elevated temperatures. This may have important
mplications for the ectotherms’ capability to efficiently with-
tand toxic metals in their environment during seasonal warming
nd/or global climate change.
The suggestion that elevated temperatures impair defense
echanisms against Cd exposure was supported by the increased
ipid peroxidation in Cd-exposed oysters at 24 ◦C and espe-
ially 28 ◦C. Unexpectedly, this increase in lipid peroxidation
as not paralleled by a change in the glutathione redox status as
ndicated by the redGSH/GSSG ratios. Glutathione serves as a
rimary nucleophile in numerous protective detoxification reac-
ions and in the maintenance of cellular redox status (Meister and
nderson, 1983). The response of GSH to pollution exposure
ppears to vary considerably depending on the pollutant, model
pecies and exposure regime. Typically, exposures to high Cd
evels result in gluthathione depletion (Regoli and Principato,
995; Ringwood et al., 1998; Mitchelmore et al., 2003; Toplan
t al., 2003), whereas at lower Cd concentrations no change
r even increase in the GSH levels can be observed (Viarengo
t al., 1990; Ringwood et al., 1999; Mitchelmore et al., 2003;
egoli et al., 2004; this study). Possibly, the Cd-induced increase
n total glutathione levels at 20 and 24 ◦C reflects a compen-
atory mechanism, which allows oysters to maintain constant
edGSH/GSSG ratios despite Cd-induced oxidative stress, espe-
ially if GSH-recycling enzymatic mechanisms are limiting.
lternatively, increased levels of GSH may serve as metal chela-
ors and aid in detoxification of Cd. It has been previously shown
hat GSH depletion strongly enhances Cd toxicity in oysters
Ringwood and Conners, 2000), supporting the suggestion that
n increase in the total GSH in Cd-exposed oysters may rep-
esent a cellular protective mechanism. Notably, this increase
as stunned in warm-acclimated oysters at 28 ◦C, which went
and-in-hand with elevated oxidative stress, poor physiological
ondition and high mortality in this experimental group. Over-
ll, this research in conjunction with previous studies shows that
he direction and extent of the Cd-induced change in glutathione
oncentration and redox status, as well as the resulting oxidative
tress (indicated by MDA accumulation) strongly depend not
nly on Cd concentrations but also on the environmental tem-
erature. This may explain why some earlier studies failed to
A
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etect a consistent relation between lipid peroxidation and GSH
evels in oysters at different polluted sites in situ (Ringwood et
l., 1999).
In conclusion, elevated temperatures such as expected in
he case of seasonal warming and/or global climate change
ay threaten oyster populations in polluted areas due to the
nteraction of Cd and high temperature on energy budget and
etabolism. Cd exposure leads to elevated energy costs as
ell as impaired aerobic energy production due to a progres-
ive mismatch between oxygen demand and oxygen supply
nd increasing mitochondrial dysfunction with rising temper-
ture. In the context of oxygen-limited thermal tolerance in
quatic ectotherms (Po¨rtner, 2001), pollution-exposed marine
ctotherms that experience high standard metabolic rates due to
etoxification and repair responses will have reduced aerobic
apacities for additional stress responses. Therefore, environ-
ental warming will pose a higher threat for animals in polluted
ersus non-polluted areas, and even low levels of pollution
emain a cause for concern for marine ecosystems especially in
he light of the predicted increase in temperature extremes. With
espect to this, an interesting but presently unexplored link is a
otential impact of combined temperature and pollution stress on
yster reproduction. Since gametogenesis will depend on both
emperature and the availability of stored nutrient reserves, the
decision” to invest in reproduction is related to surplus energy
Roff, 1983; Shpigel et al., 1992). Given that adult oysters appear
ncapable of metabolic compensation in response to temperature
ncrease (Beiras et al., 1995; present study), even a moderate
emperature rise can lead to spawning failure in polluted areas
ue to metabolic energy deficiency. Indeed, such failure has
een earlier shown in freshwater mollusks where production
nd cumulative fecundity decreased gradually with increasing
d concentrations (Perceval et al., 2002). Investigation of the
ffects of temperature and pollution stress on reproduction rep-
esent a fruitful future direction of studies to complement the
merging picture of potential ecological impacts of these com-
ined stressors on populations of marine ectotherms.
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